The capacity of polyadenylated RNA from developing castor bean endosperm to program protein synthesis in a wheat germ cell-free translational system has been examined. Although the use of micrococcal nuclease-treated wheat germ extracts demonstrated a low but significant content of translatable mRNA in dry seeds, a large scale increase in total translational capacity was observed during germination. The cellular content of translatable mRNA peaked on the 4th day of germination and subsequently declined. It is concluded that protein synthesis in castor bean endosperm cells during germination is directed by newly transcribed mRNA.
The germination of plant seeds initiates a series of biochemical events, one of the earliest of which is a rapid increase in protein biosynthetic capacity (12, 13) . Although it is clear that a variety of mRNAs are translated during the early stages of germination, the time at which these messengers are transcribed is less well understood. Considerable data have accumulated which suggest that dry seeds already contain preformed mRNA resulting from transcription during seed formation (for review, see 15). Most of the studies which support Recently we have shown that the polyadenylated RNA fraction isolated from the endosperm tissue of 3-day-old castor bean seedlings actively directs protein synthesis in a mRNA-dependent cell-free translational system derived from rabbit reticulocytes (6). At this developmental stage, endosperm cells are actively synthesizing enzymes responsible for gluconeogenesis from stored triglyceride (1, 2,4). Gluconeogenic enzymes (specifically, the glyoxysomal matrix proteins) were shown to comprise a significant proportion (15-20%) of the total translational products. In the present study we have assessed the rate of synthesis of endosperm mRNA during early seedling growth by extracting and translating poly(A+) RNA2 at various developmental stages. Although poly(A+) RNA was readily detected in dry seeds, the results indicate that protein synthesis during germination is largely, perhaps completely, dependent on newly transcribed mRNA. from 35 seeds at various developmental stages which had been carefully selected for uniformity. Endosperm halves were frozen and ground to a powder in liquid N2 and then added to 3 volumes of 150 mM NaCl, 50 mM Tris-HCl (pH 9.0), 5 mm EDTA, and 5% (w/v) SDS and briefly homogenized in a Waring Blendor. Deproteinization by phenol-chloroform (1:1) extraction, precipitation of RNA with ethanol, removal of contaminating polysaccharide by washing with 3 M Na-acetate (pH 5.5), and isolation of poly(A+) RNA by oligo(dT)-cellulose chromatography were performed as described previously (6) . Poly(A+) RNA was precipitated at -20 C with 2.5 volumes of ethanol, redissolved in sterile distilled H20 at a concentration of 12 A260 units (600 tig RNA)/ml and stored at -80 C.
MATERIALS AND METHODS

Preparation
Preparation of Wheat Germ Extracts. A wheat germ S30 fraction was prepared as described by Roberts and Patterson (17) but without preincubation. The wheat germ S30 extracts routinely had concentrations greater than 100 A260 units/ml, and were stored as small aliquots in liquid N2. When RESULTS AND DISCUSSION Characterization of Translational System. The poly(A+) RNA isolated from the endosperm of germinating castor bean seedlings was translated when added to wheat germ S30 extracts in the presence ofappropriate cofactors. That fraction ofthe total cellular RNA which did not bind to oligo(dT)-cellulose during isolation, designated poly(A-) RNA, was not translated when added to the translational system in equivalent or increased concentrations. Accordingly we regard the poly(A+) RNA fraction as a preparation which contains the bulk of the active mRNA isolated from the tissue. In the translational system, protein synthesis was dependent on the presence of Mg +, K+, and an energy-generating system. Synthesis was severely inhibited by the addition of cycloheximide, but was relatively insensitive to the presence of D-threochoramphenicol. Synthesis was also completely inhibited when mRNA was added to the translational system in the presence of either ribonuclease or the initiation inhibitor, aurintricarboxylic acid. Optimum concentrations of added Mg2' and K+ were determined to be 2.25 and 100 mm, respectively. The observed rate of protein synthesis was linearly proportional to the amount of added poly(A+) RNA up to an optimal concentration of 60 jig/ml, but higher concentrations resulted in a marked decrease in translation (Fig. 1) .
Developmental Changes in Cellular mRNA Activity. An analysis of the total cellular RNA isolated from the endosperm tissue excised from 35 seeds at various developmental stages is shown in Figure 2a . Although we appreciate that phenol-detergent extraction of nucleic acid is probably not quantitative and that the efficiency of extraction may vary somewhat during seedling development, it is probable that a net accumulation of total cellular RNA occurs during the first 4 days of germination. The poly(A+) RNA was isolated from the total RNA by affmity chromatography on oligo(dT)-cellulose. Although a significant poly(A+) RNA content was found at all developmental stages examined, it also increased rapidly during germination to reach a peak on the 4th day (Fig. 2b) . Cellular poly(A+) RNA content, therefore, increased in phase with the synthesis of gluconeogenic enzymes and the organelles which house them (2). Poly(A+) RNA was readily detected in dry seeds and cellular content appeared to decline during imbibition.
We assume that the isolated poly(A+) RNA fractions contained most of the cellular mRNA present at each developmental stage and that the activity of these fractions in cell-free translational assays gave an indication of the amount of translatable mRNA present in the tissue at the time of isolation. The results obtained from translating poly(A+) RNA isolated during development, at a concentration of 60 ,ug/ml, are shown in Figure 3 . A striking increase in messenger activity was observed over the first 4 days of germination which subsequently declined. These data are complicated by the fact that the concentration of active mRNA within the constant concentration of total poly(A+) RNA added to each translational assay cannot be accurately assessed at every stage. It is possible that the concentration of translatable mRNA may have been limiting at certain stages, particularly at the onset of germination. However, varying the amount of poly(A+) RNA added to the translational assay at each developmental stage did not significantly affect the results shown in Plant Physiol. Vol. 64, 1979 in the translational assays (Fig. 3) correspond with stages showing maximum cellular poly(A+) RNA content (Fig. 2b) , we conclude that there is a striking increase in the total translational capacity of the endosperm during the early stages of seedling growth. We further conclude that protein synthesis in germinating castor bean endosperm is largely directed by newly transcribed mRNA. Since the observed developmental increase in total cellular RNA (Fig.  2a) is due primarily to increases in 18S and 25S ribosomal RNA species (18) , it also appears that this protein synthesis occurs mainly on newly assembled ribosomes.
The translational products formed at each stage, under the direction of60 ,ug/ml (polyA+) RNA, were separated by polyacrylamide gel electrophoresis in the presence of SDS and visualized by fluorography. Numerous discrete polypeptides of widely different mol wt were formed (Fig. 4) . Antiserum raised against glyoxysomal matrix proteins was added to the total translational products obtained at each stage and immunoreactive polypeptides were precipitated. As shown in Table I -68
accounted for a significant proportion of the in vitro products at all stages, particularly between days 3 and 5 when maximum rates of cellular glyoxysome biosynthesis are known to occur (2, 9).
The data shown in Figure 3 were obtained by subtracting the counts incorporated by the endogenous wheat germ mRNA from the total counts incorporated in the presence of added castor bean endosperm mRNA. Because of this endogenous activity, it was not possible to demonstrate an increase in the rate of protein synthesis resulting from the addition of poly(A+) RNA isolated from dry seeds. In order to facilitate the translation of any active mRNA present in dry seed poly(A+) RNA we destroyed endogenous mRNA present in the wheat germ S30 extracts by nuclease treatment. The procedure employed was that recently described by Pelham and Jackson (16) for the preparation of mRNA-dependent rabbit reticulocyte lysates. The results of the nuclease treatment are shown in Figure 5 . Typir.zl z-divities of wheat germ S30 extracts and the stimulation due to the addition of poly(A+) RNA isolated from 4-day-old endosperm tissue are shown. Pretreatment of these extracts with Ca2+-dependent micrococcal nuclease completely eliminated endogenous mRNA activity. The addition of day4 (polyA+) RNA showed that these treated extracts still retained the capacity to translate exogenous mRNA. A comparison of the rates of translation of added endosperm mRNA in untreated and nuclease-treated wheat germ S30 extracts established that the latter translated exogenous mRNA at 66% of the efficiency observed for untreated extracts. This figure is in close agreement with the efficiency observed by Pelham and Jackson (16) when exogenous 9S globin mRNA was added to nucleasetreated rabbit reticulocyte lysates. When dry seed poly(A+) RNA was added to translational systems prepared using nucleasetreated, mRNA-dependent wheat germ extracts, a low but significant incorporation of radioactivity into protein was observed (Fig. 6) 
CONCLUSIONS
Many studies into the biochemistry of seed germination have provided evidence for the presence of long lived mRNA species stored in the dry seeds (8, 15, 19) . At the present time there is little information regarding the nature and role of the proteins which are coded for by preformed mRNA. In particular, it is not clear whether preformed mRNA codes for proteins uniquely involved in the germination process, or whether such proteins are coded for by newly formed mRNA which is itself transcribed during germination.
In the present study we have shown that although preformed mRNA can be detected in dry castor bean seeds, a large scale increase in the cellular content of active endosperm mRNA occurs during the early stages of germination. The endosperm tissue has a limited lifetime in germinating seedlings and rapidly senesces once gluconeogenesis from fat is replaced by cotyledonary photosynthesis as the principal mode of seedling nutrition. Germinating castor bean endosperm cells achieve a large scale de novo synthesis of gluconeogenic enzymes and organelles in the absence of net protein synthesis or cell division (2). We conclude that the synthesis of these proteins uniquely formed at this developmental stage is directed by mRNA newly transcribed from derepressed genes. 
